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OBSTRUCTIVE SLEEP APNEA (OSA) IS A COMMON FORM OF SLEEP-DISORDERED BREATHING CHARACTERIZED BY REPETITIVE EPISODES OF PARTIAL OR COMPLETE
upper airway obstruction causing sleep fragmentation and symptoms. 1 OSA syndrome is equally common among the middle-aged male Caucasian and Asian populations, with a prevalence of at least 4%. [2] [3] [4] Most patients with OSA have an anatomically small upper airway with augmented pharyngeal dilator muscle activation maintaining airway patency awake but not asleep. 5 Obesity is the most important risk factor in the pathogenesis of OSA in middle-aged adults. 6 Craniofacial abnormality also plays an important role in OSA, especially in Asian populations. Although Asian patients with OSA are generally less obese than their Caucasian counterparts, craniofacial abnormalities such as a low hyoid bone and retro-position of the maxilla or mandible are common predisposing factors for OSA in Asian populations. 7, 8 Fat deposits in the tongue and soft tissues surrounding the upper airspace may narrow the airway during wakefulness. 9 It has been suggested that thickness of the lateral parapharyngeal muscular walls demonstrated on magnetic resonance imaging (MRI) rather than enlargement of parapharyngeal fat pads was the predominant anatomic factor causing airway narrowing in apneic subjects. 10 However MRI is an expensive imaging modality that is not readily available in most clinical settings. Ultrasound is a simple imaging technique that can demonstrate part of the anatomic structures surrounding the upper airway, and the thickness of the lateral parapharyngeal wall (LPW) can be measured in an oblique coronal plane close to the imaging plane on MRI. The aims of this study were to explore the potential role of ultrasound imaging in the evaluation of the upper airway in subjects with suspected OSA by comparing measurements of the LPW thickness based on ultrasound and MRI. In addition, we investigated if there was any association between the LPW thickness based on sonographic measurement and the severity of OSA.
SUBJECTS AND METHODS
We recruited 61 consecutive Chinese subjects who were referred to our respiratory clinic, Prince of Wales Hospital, with snoring and other symptoms suggestive of OSA for ultrasound measurement. For the purpose of the reliability and correlation studies, another 15 consecutive Chinese patients with the same inclusion criteria and symptoms suggestive of OSA were recruited for both ultrasound and MRI examinations. Informed written consents were obtained from all the subjects who participated in the study.
SLEEP STUDY
All 76 subjects had overnight polysomnography performed. Significant OSA was arbitrarily defined as an apnea-hypopnea 12 Apnea was defined as cessation of airflow for at least 10 seconds, and hypopnea was defined as a 50% or greater reduction in airflow for at least 10 seconds plus an oxygen desaturation of more than 3% or an arousal. An arousal was scored if there was a 3-second or longer abrupt shift in electroencephalogram frequency to alpha or theta or above 16 Hz, following at least 10 seconds of sleep, and, if arising in rapid eye movement sleep, there must be a rise in electromyographic tone. 13 Body weight and height were recorded, and the body mass index (BMI) was calculated. Neck circumference was measured at the level of the cricothyroid membrane, with the patient in the upright position.
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Ultrasound Examination
All 76 subjects underwent ultrasound examination of the LPW thickness the day after overnight polysomnography. An ATL HDL5000 (Bothell, CA) with C5-2 or C7-5 MHz curvilinear transducer was used. All the measurements were made by the same operator (LKH), who was experienced in ultrasound scanning and was blinded to the polysomnographic data. Patients lay supine on the examination couch. The neck of the patient was slightly extended, with the infraorbital meatal baseline (the line joining infraorbital margin and ear tragus) perpendicular to the scanning table. A 35° soft pad was put under the neck ( Figure  1 ). The oblique coronal plane of the parapharyngeal space was scanned with the transducer longitudinally placed on the lateral side of the neck, just underneath the lateral border of the occipital bone. The long axis of the ipsilateral internal carotid artery was identified with color application (Figure 2 ). The lateral wall of the pharynx appeared as an echogenic line on real-time ultrasound, whereas the lumen of the pharynx was completely obscured by gas shadowing. Vibration artifacts occasionally occurred when the subjects swallowed, which also helped to confirm the location of pharynx. The distance between the internal carotid artery and the echogenic surface of pharynx represented the LPW thickness in an oblique coronal plane. The airway distension was viewed dynamically with grayscale real-time ultrasound. All the measurements were recorded on frozen images when the lateral wall of the pharynx moved farthest away from the transducer (i.e., presumably the airway decreased to its smallest caliber). The maximum thickness of LPW on both sides was measured 3 times on 3 separate images, and the mean value was obtained for analysis. Values on both sides of the neck were summed to determine the total LPW thickness measured by ultrasound.
Reliability Study
Fifteen subjects were invited to participate in the reliability study of sonographic measurement. They were scanned and repositioned by 2 operators (LKH, CJW) independently on the same day for the assessment of interoperator reliability, and each operator was blinded to the examination results of the other operator. The subjects were then scanned by LKH again 2 to 3 weeks later to determine intraoperator reliability.
MRI Studies
MRI studies were performed on the 15 subjects who had participated in the sonographic measurement reliability study. MRI was performed with the subjects lying supine in a 1.5-Tesla imager (Sonata, Siemens, Erlanger, Germany) with head and neck coil. Spin-echo T1-weighted consecutive axial images with slice thickness of 4 mm were obtained from just above the hard palate to the level of the sixth cervical vertebra. The head was positioned in a neutral position by aligning the Frankfurt plane (a plane from the soft tissue orbit to the superior portion of the tragus of the ear) perpendicular to the scanning table.
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All subjects were asked to breathe through the nose with the mouth closed and to avoid swallowing during scanning. The T1-weighed Turbo spin-echo sequence included a repetition time of 472 milliseconds, an echo time of 13 milliseconds, a flip angle of 90 0 , and a field of view of 23 cm. The criteria for measurement of LPW thickness on MRI was adopted from previous studies that documented good association between LPW thickness and OSA and airway narrowing. 10, 15, 16 From the magnetic resonance image with the smallest airway cross-sectional area, the transverse dimension of the LPW (LPW-transverse) thickness on both sides was measured, and this was defined as the distance between the medial border of parapharyngeal fat pads and the lateral edge of the airway (Figure 3) . 10 In the same image, additional measurements of the oblique transverse dimension of the lateral parapharyngeal wall (LPW-oblique) thickness between the internal carotid artery and the lateral edge of the airway were made (Figure 3) . Values on both sides of the neck were summed to determine the total LPW-transverse and LPWoblique thickness measured by MRI.
Statistical Analysis
All data are expressed as mean + SD. Pearson correlation was performed between the LPW thickness measured by ultrasound and that measured by MRI. A Student t test was performed to compare the mean values of the subjects with and without significant OSA. Bland-Altman analysis was performed to evaluate the agreement between the LPW thickness measured by ultrasound and that measured by MRI. The mean of the difference with a bias of + 1.96 SD denotes the limits of agreement. Intraclass correlation coefficient was used to assess the interoperator and intraoperator reliability of the sonographic measurement of the LPW thickness. Pearson correlation was used to demonstrate any relationship between the LPW thickness and other parameters, including BMI, neck circumference, and AHI. Stepwise multiple linear regression analysis was performed to determine the independent determinants of OSA, with AHI as the dependent variable and the LPW thickness, neck circumference, BMI, age, and sex as independent variables. Both univariate and multivariate analyses were repeated only on men.
RESULTS
The comparison of the clinical features and sonographic measurement between subjects with and without significant OSA is shown in Table 1 . There was no significant difference in age between the 2 groups. The subjects with significant OSA had higher BMI, larger neck circumference, and greater LPW thickness measured on ultrasound than did those without significant OSA. (Figure 4) . The Bland-Altman plots showed poor agreement between ultrasound and MRI measurements because all LPW thickness measured by ultrasound overestimated LPW-transverse thickness measured by MRI, with the limits of agreement (-0.62 cm; -2.54 cm) ( Figure 5 ). For the additional measurements of LPWoblique thickness on MRI, Bland-Altman plots showed much closer agreement between ultrasound and MRI measurements, with limits of agreements (1.28cm; -1.30cm) (Figure 6 ).
Independent Factors Associated with AHI
There was a positive correlation between AHI and the LPW thickness measured on ultrasound (r = 0.37, P = 0.001) ( Figure  7) . AHI also had positive correlations with neck circumference (r = 0.34, P = 0.002) and with BMI (r = 0.34, P = 0.003). On forward stepwise multiple linear regression analysis, the LPW thickness had a positive and independent association (r 2 = 0.12, P = 0.002) with AHI after adjustment for age, sex, neck circumference, and BMI. The other variables had no significant association with AHI. When data from the 14 women were excluded and the analyses were repeated on men only (n = 62), the LPW thickness maintained its significant association with AHI on Pearson correlation (r = 0.35, P = 0.006) and forward stepwise multiple regression (r 2 = 0.099, P = 0.013).
DISCUSSION
To the best of our knowledge, this has been the first study to explore the potential role of ultrasound imaging in assessing parapharyngeal soft tissue structure in relation to OSA. Using novel sonographic imaging techniques, we have demonstrated good intraoperator and interoperator reliability for ultrasound measurement of the LPW thickness, and there was close correlation (r = 0.78) between ultrasound and MRI measurements of the LPW thickness. We have also shown that the LPW thickness measured by ultrasound was higher in subjects with significant OSA than those without, whereas the LPW thickness had significant and independent positive correlation with AHI on multivariate analysis. The association of LPW thickness with AHI remained significant when only male subjects were included for analysis.
Upper airway imaging is a useful research tool that has improved our understanding of the biomechanics, pathophysiology, and treatment of OSA. A number of different imaging modalities have been used to evaluate the upper airway and surrounding structures, including acoustic reflection, fluoroscopy, nasopharyngoscopy, cephalometry, computed tomography, and MRI. 17 The LPW thickness measured by MRI has been suggested to play an important role in airway narrowing in patients with OSA. Previous studies have shown that the LPW thickness measured by MRI is larger in apneic than in normal subjects at the site of the smallest airway area, 10 with an inverse relationship between airway caliber and the LPW size. 18 In addition, it has been shown that the LPW thickness decreases with application of continuous positive airway pressure in normal subjects. 18 Although MRI is a noninvasive imaging tool that provides good tissue definition, it is expensive and not easily available. Ultrasound, on the other hand, is a relatively simple and noninvasive imaging tool that is readily available without causing any claustrophobic effects. The LPW thickness measured on ultrasound was at a site close to that measured by MRI. The sonographic measurement at this site was chosen because this was the only location with an appropriate visible landmark (internal carotid artery). The small diameter of the internal carotid artery could help locate the measurement plane within a narrow range and ensure the reproducibility of the sonographic measurements of LPW thickness. The LPW-transverse thickness on MRI was measured in cross-section at a level defined by the smallest airway cross-sectional area, whereas that on ultrasound was measured in an oblique coronal plane defined by anatomic landmarks. Therefore the sites and planes for measurements of LPW thickness on MRI and ultrasound were not the same, and this could account for the degree of overestimation of all LPW thickness on ultrasound when compared with the LPW-transverse thickness on MRI in the Bland-Altman plot. Although there was some discrepancy in the absolute measurements of the LPW thickness on MRI and ultrasound, the values were highly correlated on Pearson correlation. Additional MRI measurements of LPW-oblique thickness were made at locations similar to those obtained by ultrasound. Although these axial slice measurements were still not exactly in the same plane or site as the ultrasound measurements, the Bland-Altman plot showed much closer agreement.
The LPW consists of various muscles, including the hypoglossus, styloglossus, stylohyoid stylopharyngeaus, palatoglossus, palatopharyngeus, and pharyngeal constrictors. 10 All of these muscles, together with lymphatic tissues, contribute to the LPW, as defined on MRI and ultrasound, although neither imaging techniques could show the resolution of specific muscles. The increase in size of soft-tissue structures in the LPW might create compressive effect on the airway. The lateral airway narrowing leads to development of an elliptical configuration in the anterior-posterior dimension of the airway, in contrast with the normal airway, which has the longest axis in the lateral dimension. 10 This change in configuration might predispose subjects with OSA to airway closure during sleep. 10 There is strong evidence that excess weight is a causal factor in OSA. 6 In a longitudinal analysis of a subset (n = 690) of the Wisconsin cohort with a 4-year follow-up, Peppard et al 19 have shown that a 10% increase in weight is associated with a 6-fold greater risk of developing OSA among persons initially free of OSA. Neck circumference, a surrogate measure of neck fat, seems to be a better predictor of the presence of OSA than is overall obesity.
14 However, neck circumference is a gross measurement of a combination of structures, including subcutaneous fat, neck muscle, parapharyngeal fat, and parapharyngeal wall muscle. It remains uncertain which structures in the neck are most important in the pathogenesis of OSA. It has been suggested that fat deposits, particularly at the lateral parapharyngeal space, might play a key role in the pathogenesis of OSA, 20, 21 whereas other studies have suggested that increased parapharyngeal wall thickness is a major cause of OSA. 10, 18 Enlargement of soft-tissue structures, particularly the LPW, is associated with an increased likelihood of OSA among patients presenting to sleep disorders centers. 22 The results of our study support the idea that parapharyngeal wall thickness correlates with the severity of OSA. Further studies involving more subjects are needed to clarify the contribution of parapharyngeal wall thickness and other structures in the pathogenesis of OSA.
One major limitation of ultrasound imaging is that fat deposit in the neck region cannot be differentiated from other soft-tissue structures, and the association of the fat deposit with OSA could not be evaluated in this study. Another limitation of this study is that, during ultrasound examination, the neck of the patient was slightly extended in order to allow more space for scanning with the transducer. If the neck had not been slightly extended, the acoustic window for visualization of the internal carotid artery and the LPW would have been much reduced by the mandible. The extended-neck position made the subject's head slightly more elevated than that on MRI, which might inadvertently affect the degree of narrowing of airway. However, we believe that this did not significantly affect measurement of the adjacent soft-tissue structures in this study.
In conclusion, we have shown that sonographic measurement of the LPW thickness is a novel and reliable method with a strong correlation with that made by MRI. The sonographic measurement also correlates with the severity of OSA. Sonographic measurement of the LPW thickness provides an alternative tool to MRI and may have the potential of wider application in sleep apnea research in view of its easy accessibility and lower cost.
